pyogenes, are predominantly extracellular pathogens,
compartments, including restriction endonucleases and immunoglobulins (Bhakdi et al., 1993). The ease with
The presence of this band in this fraction also required adherence and the pore-forming SLO since it was misswhich SLO can be used for controlled translocation in vitro suggests the possibility of a similar function in ing following infection with the respective mutants (JRS145, SLO6, Figure 1 ). It was also missing from uninvivo, acting as a translocation apparatus for injection of streptococcal effector proteins into the host cell cytosol. fected cells, suggesting that it was of streptococcal origin. In this report, we show that a molecule of streptococcal origin with eukaryotic signal transduction properties is translocated into the keratinocyte cytosol in a SLOCytolysin-Mediated Translocation dependent manner. The high degree of conservation of The anti-SLO antiserum recognized bands correspondCDCs among diverse species of Gram-positive pathoing in size to SLO and to a 52 kDa band in supernatant gens suggests that cytolysin-mediated translocation from JRS4 streptococci cultured in the absence of (CMT) may be a general mechanism for injection of efHaCaT cells (Figure 2 ). Neither band was present in fectors and thus, serve as the functional equivalent of culture medium alone (data not shown) confirming that type III secretion systems for Gram-positive pathogens. the 52 kDa band is a secreted product of streptococcal These data provide a novel function for this large family origin. Analysis of several mutants demonstrated that of cytolysins and suggest a new paradigm for analysis the 52 kDa protein cross-reacts with the antiserum and of secreted virulence factors with consideration that was not a processed form of SLO (see below). Taken they may function not only in extracellular environments, together, these data suggest that the 52 kDa protein is but also potentially within intracellular compartments.
secreted from the streptococcus and introduced into the HaCaT cytosol by a process that requires SLO. However, in addition to cytosol, the Triton X-100 soluble Results fractions contain some membrane components and possibly some components of the streptococcus. Thus, An Unexpected 52 kDa Band Previous studies indicated that for S. pyogenes strain to better define the localization of the 52 kDa band, an alternative fractionation procedure was used to produce JRS4, SLO's ability to manipulate keratinocyte signaling responses was dependent on expression of the JRS4 a highly specific target cell cytosolic fraction. This fractionation method was developed for the analysis of adhesin for keratinocytes (the M protein) and on de novo protein synthesis following adherence (Ruiz et al., 1998 Figure 1 ). While the 2). The presence of the band in this cytosolic fraction published data; see Figure 3A ). An additional mutant was constructed that contains a nonpolar in-frame deletion in spn ( Figure 3A ). This mutant (SPN1) does not produce the 52 kDa protein recognized by the antiserum and secretes no detectable NAD glycohydrolase activity, but does secrete SLO at levels equivalent to wildtype ( Figure 3B ) (Ruiz et al., 1998) . In contrast, mutant SLO1 contains an insertional inactivation of the gene encoding SLO, expresses no detectable SLO protein or SLO-dependent hemolytic activity, but does express the 52 kDa protein and unaltered levels of NAD glycohydrolase activity ( Figure 3B ). Both mutants do not differ from wild-type JRS4 in their abilities to adhere to keratinocytes ( Figure 3B ).
The Translocated 52 kDa Protein Is SPN
In order to assess whether translocation was specific for keratinocytes, the abilities of the various mutants to translocate the 52 kDa protein into A549 cells was analyzed. This human alveolar carcinoma cell line has strating that the cytosolic 52 kDa band is not of host cell origin, but is the streptococcal NAD-glycohydrolase.
The 52 kDa Protein Has Eukaryotic Signal
One possible explanation for the cytosolic location of Transduction Properties SPN is that the host cells are simply becoming highly Determination of the N-terminal amino acid sequence porated by SLO such that it is impossible to distinguish of the 52 kDa band generated a 14 amino acid sequence intra-from extracellular contents. Alternatively, SPN that was nearly identical to an experimentally derived may interact with a cellular receptor whose internaliza-N-terminal amino acid sequence of the mature secreted tion and subsequent release into the cytosol is promoted form of Group C streptococcal NAD-glycohydrolase by a signaling event triggered by the interaction of SLO (Gerlach et al., 1996) . This molecule has the ability to with the cellular membrane. In both scenarios, it would cleave NAD into free nicotinamide and ADP-ribose and be expected that localization would only require the it has long been known that S. pyogenes also secretes presence of SLO and SPN, and that separate bacterial a protein with this activity ( Figure 5A ) and the very low to both genes are cotranscribed from a promoter that is located just upstream of spn (C. Easter and M. C., unundetectable levels observed upon infection with the 
SLO-deficient mutant (SLO1; Figures 5A and 5B). Trans-
Translocation Has Characteristics of a Polarized Process location was a coordinated process since coinfection Taken together, the data support a model in which bacwith the mutants also did not result in translocation of teria adherent to the cell membrane inject SPN through NAD glycohydrolase activity (SLO1 ϩ SPN1, Figure 5A) . the SLO pore into the cytosol. The inability of a coinfecFurthermore, coordinated translocation required bacterial adherence since infection with the keratinocyteadhesin defective strain JRS145, which secretes equivalent amounts of SPN and SLO to wild-type JRS4 (Ruiz et al. 1998 and data not shown), generated no detectable activity in HaCaT cells ( Figure 5A ). The high levels of activity observed in JRS145 infected A549 cells ( Figure  5B ) can be explained by the fact that streptococci possess multiple adhesins for A549 cells and JRS145 can still adhere to these cells (data not shown), which further demonstrates that adhesion is necessary for translocation. A role for alterations of the target cell cytoskeleton was evaluated by conducting infections in the presence of the microfilament inhibitor cytochalasin D. However, this treatment had essentially no effect on the appearance of NAD glycohydrolase activity in host cell cytosol following infection by the wild-type strain (JRS4 ϩ CytoD; Figures 5A and 5B). Because endocytosis and streptococcal invasion are cellular-driven processes that require microfilament reorganization (Greco et al., activity (SLO1 ϩ CytoD, Figure 5B ). tion of mutants SLO1 and SPN1 to rescue SPN translocation suggests that SPN translocation is not a stochastic process; rather, it appears to be coordinated. To investigate this in greater detail, the distribution of SPN activity during infection was analyzed. Approximately equivalent total activities were recovered following infection with the wild type and SLO-deficient mutants (compare JRS4 to SLO1, Figure 5C ). However, the distribution of activity differed markedly. For the wild-type bacterium, 71% of the total recovered activity was directed into the cytosol and less than 25% was found in the cell-free culture supernatant (JRS4, Figure 5C ). This indicates that a majority of the secreted SPN is targeted for translocation. In contrast, nearly all of the activity recovered from infection with the SLO-deficient mutant was found in the culture supernatant (SLO1, Figure 5C ). As expected, no SPN activity was detected in any compartment during infection with the SPN-deficient mutant or in uninfected cultures ( Figure 5C ). These results suggest that the secretion and translocation of SPN has characteristics of a polarized process in the presence of SLO, where SPN is directed into the target cell. to CMT (Figure 7) (Shresta et al., 1998) .
SPN Is Required for the SLO-Dependent Modulation of Membrane Function
Despite the evidence for perforin-granzyme synergism, it has rarely been considered that the secreted nism of cytotoxicity is unknown, our preliminary data products of Gram-positive bacteria may act synergistisuggest that HaCaT keratinocytes that have been subcally. In the case of exported products with enzymatic jected to multiple passages in vitro no longer demonactivity, it has generally been assumed that they function strate the cytotoxic response, despite the fact that acexclusively in an extracellular compartment. Based on tive SPN is still translocated during infection. These data this, it has been difficult to understand the possible and the rapid time course of the response suggest that functions of SPN. Our observation that SPN is translocytotoxicity is not simply the result of depletion of NAD. . The soluble material subjected to ligation. The resulting deletion allele was designated was diluted 1:6 in SDS sample buffer and soluble and insoluble spn ⌬177-319 , which was amplified using primers pET24dB (GCGAAA fractions were subjected to electrophoresis through an 8% SDS-TTAATA CGACTC ACTATA GGGG) and pET24dC (GGCAGC AGC-PAGE gel and analyzed by a Western blot using a commercial anti-CAA CTAAGC TTCCTT TCGG) and the product inserted between SLO antiserum (lot #7317011, Golden West Biologicals) developed the XbaI and HindIII sites of the streptococcol-E. coli shuttle vector with an anti-rabbit horseradish peroxidase conjugate (Sigma) and pJRS233 using the HindIII restriction site embedded in pET24dC a chemilumenescent substrate (SuperSignal, Pierce Chemicals). Reand the unique XbaI site in the pET24dϩ vector. The DNA sequence acting bands were visualized by exposure to film (Biomax MS, of spn ⌬177-319 was confirmed through the use of a commercial autoKodak). mated sequencing method (ABI Prism BigDye) as recommended by the manufacturer (PE Applied Biosystems) using appropriate oligonucleotide primers. This analysis revealed that a single nucleoPreparation and Analysis of Cytoplasm tide substitution was introduced during amplification that resulted Selective lysis of the eukaryotic cell cytoplasm was conducted by in changing a tryptophan codon for residue 278 of the polypeptide a modification of the method of Lee and Schneewind (1999) as to arginine. The wild type spn allele of JRS4 was replaced with follows: Following 3.75 hr of infection of cells in a 75 cm 2 flask, cells spn ⌬177-319 by the method described elsewhere (Ji et al., 1996) . The were washed 2 times in PBS and then scraped into suspension in resulting mutant was designated SPN1 and its chromosomal struc-1.5 ml of a lysis buffer consisting of Saponin (0.005% weight/vol) in ture was verified by PCR using primers of the appropriate se-PBS (pH 7.4) supplemented with protease inhibitors (Mini Complete, quences.
Boehringer Mannheim, 1 tablet per 10 ml buffer). The cell suspension was transferred to a 2 ml screw cap tube that was then incubated at 37ЊC for 20 min. The cytoplasmic fraction was the supernatant Construction of a slo Control Strain In order to ensure that inactivation of slo did not have any deleterious that remained following sequential centrifugation at 15,000 ϫ g (10 min at RT) followed by 100,000 ϫ g (60 min at 4ЊC). For lysis by effects on expression of an adjacent gene on the chromosome that could be involved in translocation, a control strain was constructed sonication, infected cells from a 75 cm 2 flask were scraped into
